.
° ch?sAlamos

NATIONAL LABORATORY
————— (37.194) ~

LA-UR-21-25702

Approved for public release; distribution is unlimited.

Title:

Author(s):

Intended for:

Issued:

Using vortex dynamics tools to explore magnetic configurations in
non-superconducting materials

Civale, Leonardo
Nekrashevich, lvan
Zapf, Vivien

Web

2021-06-16




Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher

recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution,
or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as
work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom
and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its

technical correctness.



Using vortex dynamics tools to explore
magnetic configurations in non-superconducting materials

A different look at the magnetic properties
of the geometrically frustrated spin-chain compound Ca;Co,0,
Leonardo Civale

Materials Physics and Applications-Quantum,
Los Alamos National Laboratory

VEORTEX

2021 18th International Online Vortex -2021 Conference
May 27th to June 4th, 2021

Research supported by the US DOE, Office of Basic Energy Sciences,
Division of Materials Sciences and Engineering.




& .

= Outline

=

= » Introduction to the magnetic properties of Ca;C0,0,

/  Ground state and magnetization loops: the puzzle of metastable states
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The geometrically frustrated spin-chain compound Ca;Co,0,

A. Maigman et al., Eur. Phys. J. B 15, 657 (2000)

First single crystals

Below 5 K the M(H) loops are
irreversible, and reveal new stable
magnetic structures .... for T= 2 K,
two intermediate magnetization
plateaus are observed....

M(zg/mol. of Co)

Rhombohedral structure composed of [Co,O],, infinite chains
running along the c axis of the hexagonal cell, with the Ca cations
located in between them.

The chains are made of alternating, facesharing CoO, trigonal
prisms and CoO, octahedra.

Each chain is surrounded by six equally spaced chains forming a
triangular lattice in the ab plane.

The intrachain coupling is ferromagnetic (T_,~24K) while the much
weaker interchain coupling is antiferromagnetic (T_,~12K).

The spins in each chain are either all up or all down.

L4 Science
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The metastable steps in the Ca;C0,0, magnetization loops

Phys . Rev. B 70, 064424 (2004)

Temperature and time dependence of the field-driven magnetization steps in
Ca;Co,04 single crystals

V. Hardy.!”> M. R. Lees,! O. A. Petrenko.! D. McK. Paul.! D. Flahaut,” S. Hébert,> and A. Maignan’
! Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
2Laboratoire CRISMAT, UMR 6508, Boulevard du Maréchal Juin, 14050, Caen Cedex, France
(Received 7 January 2004 revised manuscript received 15 April 2004; published 31 August 2004)

For the spin-chain compound Ca;Co,0,. the magnetization curves as a function of the magnetic field are
strongly out-of-equilibrium at low temperature, and they exhibit several steps whose origins are still a matter
for debate. In the present paper we report on a detailed investigation of the temperature and time dependence
of these features. First, it is found that some of the magnetization steps can disappear as the characteristic time
of the measurement is increased. A comparison of the influence of temperature and tume points to the existence
of a thermally activated process that plays an important role in determining the form of the magnetization
curves. Second, direct investigations of the magnetic response as a function of time show that this thermally
activated process competes with a second relaxation mechanism of a very different nature, which becomes
dominant at the lowest temperatures. These results shed new light on the peculiar magnetization process of this
geometrically frustrated. Ising-like spin-chain compound.

* Magnetic frustration.
* The time evolution of the metastable states can be nonmonotonic.
* The dynamics is very slow (hours to days).
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Using powder neutron diffraction, we have discovered an unusual magnetic order-order transition in the £ 02 o a8
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Ising spin chain compound Ca;Co,04. On lowering the temperature, an antiferromagnetic phase with a
propagation vector k = (0.5, —0.5, 1) emerges from a higher temperature spin density wave structure with {]‘()0 1 3 3 A 5 3 70 | 3 3 A 3
k = (0,0, 1.01). This transition occurs over an unprecedented time scale of several hours and is never Time (hours) Time (hours)
complete, I ‘ ‘ '
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Incommensurate Magnetic Structure and Its Long-Time Variation
in a Geometrically Frustrated Magnet Ca3Co,04

Taketo Movosur™ and Kiyoichiro MoToya

Department of Physics, Faculty of Science and Technology, Tokyo University of Science,
2641 Yamazaki, Noda, Chiba 278-8510, Japan

(Received September 17, 2010; accepted December 13, 2010; published online February 25, 2011)

Magnetization and neutron scattering measurements have been performed on a single crystal of the magnetically
frustrated compound CazCo020¢. This compound has no random magnetic interactions, but has frustrating magnetic
interactions arising from its crystal structure. In this material, a long-time variation in magnetic structure has been
observed. After cooling the sample below the transition temperature Ty = 13 K, the magnetic Bragg peaks at (1,0, £=8)
corresponding to an incommensurate antiferromagnetic structure move toward (1,0, 0) with time. The characteristic
time for this variation follows the Arrhenius law with an activation energy E,/kg ~ 53 K. A new magnetic structure
model of this material is also presented.
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Recent pulsed fields studies at LANL

PHYSICAL REVIEW B 98, 024407 (2018)

Metastable states in the frustrated triangular compounds Ca3;Co;_,Mn,O¢ and CazCo,04

Jae Wook Kim."? E. D. Mun.* X. Ding."! A. Hansen."* M. Jaime,! N. Harrison,! H. T. Yi.? Y. Chai,’
Y. Sun,’ S. W. Cheong.? and V. S. Zapf’

' National High Magnetic Field Laboratory (NHMFL), Los Alamos National Laboratory (LANL), Los Alamos, New Mexico 87545, USA
2Rutgers Center for Emergent Materials & Department of Physics and Astronomy, Piscataway, New Jersey 08854, USA
3Department of Physics, Simon Fraser University, Barnaby, BC, Canada V5A 156
*University of California Los Angeles, Westwood, California, USA
? Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Bejing 100190, P. R. China

The observation of unusual metastable behavior in Ca3;Co0,0¢ remains an ongoing puzzle. When the magnetic
field is increased at certain very slow rates, evenly spaced steps occur in the magnetization and other physical
quantities as a function of magnetic field every 1.2 T. The ground state without steps is approached by slow
relaxation processes over hours to days. It is a striking example of extremely slow dynamics arising from
geometrical frustration in an otherwise clean and long-range ordered system, and its precise description remains
controversial. Here we shed light on the mystery by reporting similar behavior in isostructural Ca;Co,_,Mn,Og.

. 11 [ L o 4 a1 " Fan . T

M (u,/Co)

6 T T T T T T T T
- CCO short pulse magnet-
4 i ——1.5K
—— 4K
i — 10K |
21 o —— 15K
I | |
L II J
0 r-‘"/’ L | . | . |

0 2 4 6 8 10
Magnetic Field (T)

Motivation:
Huge du,H/dt up to 1660 T/s

Vivien Zapf proposed us to test experimentally some theoretical predictions about quantum annealing

— Ivan Nekrashevich et al., manuscript in preparation

This talk is about a different story
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The basics: at T = 2K, we observe the steps at 1.2; 2.4 and 3.6T
Question: which is the ground state at 2K?
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V. Hardy et al,,
Phys . Rev. B 70,
064424 (2004)
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The basics: at T = 2K, we observe the steps at 1.2; 2.4 and 3.6T
Question: which is the ground state at 2K?

Procedure: FC at field H from >30K to 2K — repeat for each H 3
1 ;m V. Hardy et al,, _
= Phys . Rev. B 70, ;
064424 (2004) :
0.9 o
: T T LI T T
7)) 4 5 6 7 8 9
c
£ 1 H(T)
0.8 &
f_’ Ground state:
2 H>3.6T: all chains up - M,
0.7 .2 H<3.6T: 2 chains up, 1 down— M_,,/3
2/3 2 (Ordered)
W 0.6 o« ~ Lower branch of the M(H) loop
eq is above M, (H)
0+ - 0.5 Curves cross:
/ 0 1 2 3 A 5 6 \%\—»  Same M, different microstate
7FC to 2K * Energy barrier



Magnetic history dependence: How do we access the different states?

1 * FC: ordered ground state
2K * First M(H) loop after ZFC: steps

—]
I

0.67

M/M

0.33
A

End of —

15t loop

—0— Mg4(H) (FC)
—e— 15 M(H) loop

0
e o 1 2 3 4 5 6 7
ZFC to 2K Zﬁﬂj Office of
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Magnetic history dependence: How do we access the different states?

1 oo eanntReaeeset@ennorsssPesss * FC: ordered ground state
: * First M(H) loop after ZFC: steps
* Subsequent loops: no steps
e FCat0.125T — H=0 — loop:
0.67
3
=
=
0.33- ¢4
/ —o— M(H) (FC)
End of —e— 15 M(H) loop
15t loop —o— 29 M(H) loop
0
/ ! | | | | | | |
0 1 2 3 4 5 6 7
ZFC to 2K

VP& Office of
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Magnetic history dependence: How do we access the different states?

. | ittt atR * FC: ordered ground state
aut * First M(H) loop after ZFC: steps

* Subsequent loops: no steps

e FCat0.125T —» H=0 — loop: similar to 1%t loop

e FCat 1T — H=0 — loop:

—0— Mgq(H) (FC)

—e— 15 M(H) loop
—o— 2" M(H) loop
—=—FC at 0.125T

ZFCto 2K

PS5 Offi f
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Magnetic history dependence: How do we access the different states?

* FC: ordered ground state
* First M(H) loop after ZFC: steps

* Subsequent loops: no steps

e FCat0.125T —» H=0 — loop: similar to 1%t loop

* FCat 1T — H=0 — loop: lower branch ~M_,,/3
e FCat 3T — H=0 — loop:

—0— M(H) (FC)
—e— 15" M(H) loop
—o— 2" M(H) loop
—=— FC at 0.125T
——FCat 1T

ZFCto 2K

P=5" Offi f
MOH (T) -g-d" Sc;gﬁcz

TIMENT §F ENERD ¥




ZFCto 2K

Magnetic history dependence: How do we access the different states?

O p——
0000 0090 I xR xuT AL
o o;o’“ =)

~O
O

i
_gggO?”

—0— Mg4(H) (FC)

—e— 15t M(H) loop
—o— 2" M(H) loop
—=— FC at 0.125T

——FCatlT
— — v FCat3T |
3 4 5 6 !
HoH (T)

FC: ordered ground state

First M(H) loop after ZFC: steps

Subsequent loops: no steps

FC at 0.125T — H=0 — loop: similar to 1%t loop
FC at 1T — H=0 — loop: lower branch ~ M__,/3
FC at 3T — H=0 — loop: lower branch ~ M__,/3
FC at 4T —» H=0 — loop:
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Magnetic history dependence: How do we access the different states?

1 * FC: ordered ground state
— ] » * First M(H) loop after ZFC: steps
T = 2K ] (H) loop P
o * Subsequent loops: no steps
# * FCat0.125T — H=0 — loop: similar to 15t loop
0.67 /’/" o~ * FCat 1T — H=0 — loop: lower branch ~ M_,./3
5 J | g / e FCat 3T — H=0 — loop: lower branch ~M__,/3
= O * FCat4T — H=0 — loop: same as 2" loop
2 {
0.33 Ty ,'y“h’d‘n "M{\ﬂﬂéﬁ A-'Fv.'"fﬁ- e XagBil
/ L seegeresr T essersst” —0— Mg,(H) (FC)
T § —e— 15t M(H) loop
End of Hesanas”od —— 2" M(H) loop
15t loop T V —=— FC at 0.125T
0 ——FCat 1T
J ~—~v—FCat3T |
' ' ' ' ' ' ' ' ' ' —<+— FC at4T
0 1 5 5 4 LeoFeasr
ZFC to 2K 5‘ Office of

HO H (T) Science
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Focus has been on understanding the steps in the M(H) loops
Metastable states = complex
Alternative: o what states are the steps relaxing to?

T

2K

0

Does the 3™ step
relax to M,,/3?

—e— M(H) loop

—o— Mgy(H) (FC)

Mi/M

ya
> IRAIamos

NATIONAL LABORATORY
5

1 2 3

4

HoH (T)

1 V. Hardy et al., 20T
104 Phys . Rev. B —
170,064424  Fus™ -
1.02- . @g’ﬁ“’ ]
1921 (2008) o
1 00 - ::.E:: g, G
=4k
100 1000 10000
() time (sec)

0.088
1 T=2K
0.087 4 HOH = 32T
| lower branch
__0.086
>
£
S
e 0.085 NO ||
It relaxes upward
Away from ground state
0.083 T y T y T y T
0 900 1800 2700 3600
time (sec)
0.068
0.066 - .
_ Upward relaxation
2 0.064- unaffected by crossing
)
c ‘ the ground state
0.062 oK
T=
0.06 j".!"" Msat/3 uoH = 2.4T
: lower branch
0.058 T T T T T T T T T T T T
0 3600 7200 10800 14400 18000

time (sec)




The lower branch of M(H) relaxes upward, for all H (at T = 2K)

Lower branch

1 0.18 6.5T
T = 2K - l
0.16 {—
J— 4T
0.14 3.7T
0.67 g 0.12 4

I o ]

n L 014 3.6T
2 S : 34T
S 0.08 _5' S’TST

—e— M(H) loop _ 2o
0.33 1 o Meq(H) (FC) 003 Egmitiiin
//__:—————— 2T
" Minigal 0op | —
— M —~ 1 hOUf . 1T
0.02 —IO']'T
0 1800 3600
04 time (sec)
| | | | | | |
0 1 2 3 4 5 6 7
A

c ) P==5" Office of
. Los Alamos uoH (T) (D) Sl
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The lower branch of M(H) relaxes upward, for all H (at T = 2K)
The upper branch relaxes downward for all H, and much faster

0.67

M/M,

0.33 A

0-H

—e— M(H) loop
I\/linitial

—=— M ~ 1 hour

/A
> IEAIamos

NATIONAL LABORATORY
5T 3

evolution = interactions

Lower branch Upper branch
0.18 6.5T 0.18 e — 3.6T
i -\ 3.2T
5T
0.16 H— 0.16 -\\ 2.8T
i aT ]
0.14 3.7T 0.14 —\ 24T
=) .
E 2T
g 0.12 - 9 0.12 4
= .
) 1.6T
& ] 3.4T ]
- 3T
0.08 | i —— 55T 0.08 _\ 12T
- 2.4T \ 0.8T
0.06 47 0064 i ¥y
'/ 2T T T T T T
0,04 | E— 0 1800 3600
1= M time (sec)
0.02 -4 . =
0 1800 3600
time (sec)
Non exponential time




Simplest hypothesis: 0.18
The lower and upper branches relax to the same state el
A0.14—
:

1 \E/ 0.121 —m— 2.8T lower

— —e— 2.8T upper
T - 0.1-
0.08 4

102 10° 10 10° 10° 107  10°
0.67 time (sec)

-§ : 0.14 1 . . .
= i Time logarithmic
S : I 0.124 evolution (vortex-like)

0.33 1 o m(H)H OOIE)C 3 o1 produces the best fits!

. -.-j A eq( ) (FC) 5 ]
0 e “— Minitial £ 0.08-

1 —u—1.6T lower

é__y_ i —a— M~1 hOUF 0.06_' e 16T UF\)AFI)er

- 0.04 — ——— ———rrr .
017 102 103 10* 10°
! ! ! ' ' time (sec)
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Evidence suggests that there is a line of lower energy
(more stable) states inside the M(H) loop

1
0.67
3
=
= —e— M(H) loop
0.33- —o— Mgy(H) (FC)
|vlinitial
—=— M ~ 1 hour
o I\/lintersection
0-H
0] 1 2 3 4 5 6 4

/A
> ch;}s.Alamos

NATIONAL LABORATORY
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0.18
0.16
0.14
=)
5
E 0.12 —m— 2.8T lower
—e— 2.8T upper
0.1
0.08
102 10° 10* 10° 10° 10" 108
time (sec)
0.14- . . :
Time logarithmic
0.12- evolution (vortex-like)
- produceg the best fits!
2 0.1
L
£
0.08 -
| |—=— 1.6T lower
—e— 1.6T er
0.06 - 1Pp
0.04 +———m————————
102 10° 10* 10°
time (sec)

Can we access intermediate states between both
branches, and show that they are more stable?




Manipulating the upper branch magnetization

. . 1 cote ooce 3%ee |
by increasing temperature | / /,;_w -
//M',. % (.....'-“

S

0.67 : S

14 3 4 - |

< J |

> .f .,...“"‘J

0.33
o
] ./»“"' |« 15 M(H) loop|
,,....000
0.67 T=2K
0
5 o 1 2 5 4 5 & 7
g HoH (T)
=
0.33 -
I—o—m(T) FC
—=— |ower branch |ZFCto T — increase H to 3.2T
0 —e— upper branch/FCto Tin 6T — decrease H to 3.2T
: | : | : | : | : | : |
0 ) 10 15 20 25 30
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Manipulating the upper branch magnetization

by increasing temperature Time dependence upper branch:
fast downward evolution at all T

1+ T T T 14
i 2. Reduce H to 3.2T m(T) FC
[ —&— |ower branch

—u— 2K
—e— 25K
—A— 3K
—v— 3.5K
—& 4K
—<4— 45K
—»— 5K
—e— 55K
—*— 6.5K
—o— 7K
—o—7.5K
—+— 8K
—=— 9K
—*— 10K
— 11K
—+— 12K
—m— 13K
—o— 14K
@ |—4A— 15K

—v— 16K

3. Wait some time —e upper branch
4. Cool down fastto 2K | decay upper

at

2]

S 0.67- S 0.67-

s 5. Measure
time evolution I

| .l-.. III ‘
WEE : o
0331 m_/3@ R 0.33 -

0 2 4 6 g 10 12 14 16 18 O 900 1800 2700 3600
- Los Alamos Temperature (K) time (sec)
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Manipulating the upper branch magnetization

by increasing temperature
Time dependence upper branch at 2K,

with initial M set by magnetic history

1 - y$TTTT T 1 - Standard upper branch
I i 1. FCat 6T to T>2K MOH:32T”C \/ . ZK
iz. Reduce H to 3.2T m(T) EC e
3. Wait some time Ilj)p\)/\pl)eerr tl):)rrzr:]irf]]
__1 4. Cool down fast to 2K decay upper
5 i
= 0.67 - v

s 5. Measure

time evolution I

m .'-. II
[ |

. f
II 2 ' Standard lower branch

WEn
0.33 - M../3 @ I 0.33 -
0] 2 4 6 8 10 12 14 16 18 0 3600 7200
ﬁ_) I P> 5" Office of
. Los Alamos Temperature (K) time (sec) 767 Sience
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Manipulating the upper branch magnetization

by increasing temperature

0.33 A

Standard upper branch

<
mmj

5 10 15
time (hours)

>

Standard lower branch

0
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3600 7200
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There is a region inside the M(H) loop where the magnetization
is more stable than in the lower and upper branches

1
At T =2Kand pyH = 3.2 T, there are states in a
range of M intermediate between both branches
that are stable within our experimental resolution
0.67
= Work in progress: explore the location
2"’ of the stability region at other fields
= —e— M(H) loop
|vlinitial
—=— M ~ 1 hour _ - _
M _ Does this stability region extend
0 intersection to higher temperatures?
| | | | | | |
0) 1 2 3 4 5 6 I
//’-‘I

/Los Alamos ioH (T) T8, Phcnst
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The temperature dependence of the time evolution of the lower branch is quite complex

0.44 - I —O0—m(T) FC 0.44 S Z ::: §E
] . —#&— |ower branch ] a4 35K
0.42 A —e— upper branch 0.42 A DAY

_ decay lower ~ e 5K
3 i —— decay upper 3 i >-8K
g 0.4 _ y upp g 0.4 _ :::ZEK
—0— 6.5K

= 0.38- = 0.38- o

- | O oK

0.36 - 0.36 o 0K

12K

0.34 - 0.34 4= T

—0— 15K

0.32 ! | 0.32 4 - | !
A 0 10 15 0 1800 3600
.Los Alamos Temperature (K) Time (s) &% %encs
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The temperature dependence of the time evolution of the lower branch is quite complex

The upward relaxation remains at T higher than 2 K, but around 3.5 K the evolution
becomes non-monotonic (in our timescales) = the central stability region dissapears

$
0.46 -
| noH=3.2Tllc || 0.46-
0.44 - ! o m(T) FC
. —=&— |ower branch
0.42 - —e— upper branch
— | ' decay lower ~
& _ —— decay upper &
s 0.4 1 y upper | =
' 0.44 -
= 0.38- =
' —=— 2K
0.36 - —e— 3K
. 3.5K
0.34 - —v— 4K
CECEEEEEECeEeeeaadeeeeee e gy 4.5K
0.32 - . . . . . . VY —
A 0 5 10 15 0) 1800 3600
"Los Alamos Temperature (K) Time ()
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The temperature dependence of the time evolution of the lower branch is quite complex

The non-monotonic evolution reappears in the 5 Kto 7 K range.

?
0.46 - \
H=3.2T||c
I ) 1oH=3.2T]| 037 e
0.44 - I —o—m(T) FC \
' . —=— |ower branch
0.42 - L * —e— upper branch
y ] ' decay lower =036
& _ —— decay upper G 72097
g 0.4_ 1 y upp g
= 0.38 - =
0.36—- 0.35
0.34 -
0.32 — - . . 034 t—
A 0) 5 10 15 0) 1800 3600
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The temperature dependence of the time evolution of the lower branch is quite complex

Above ~ 9 K, a simpler picture emerges:
monotonic downward time evolution towards the ground state, no evidence of other phases
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Logarithmic dependences provide
the best fits of the time evolution
at high T
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Summary

Over the last several decades, we at the superconductivity
research community have developed a powerful set of
experimental and theoretical tools to investigate vortex matter.

Applying those tools o other materials and phenomena, as in the = -
PPIYINg P Ivan Nekrashevich Vivien Zapt

example presented in this talk, can provide a fresh perspective LANL

to solve some problems. . LANL
The magnetic properties of the geometrically frustrated spin- [ T=2K
chain compound Ca;Co,0, are complex, and a complete
description of the steps in the M(H) loops remains elusive. We 067
have identified a previously unobserved stable phase at low T. L 4
A simpler vortex-like dynamics emerges at high T. s

= —e— M(H) loop

0.33 —o My(H) (FC)

Thank you to the organizers for working so hard to put this o m"j“j .
workshop together, in spite of all the challenges!! : e M ercocton
Looking forward to see all of you (I mean, really see you) inthe o
next workshop! ¢ 1 2 3 4 5 6 7

HoH (T)
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